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Abstract 

Several parity violating left-right asymmetries in M0ller electron-electron 
and muon-muon scattering are considered in the context of the electroweak 
standard model at tree level in fixed target and collider experiences. We show 
that in colliders the asymmetry with only one of the beam polarized is large 
enough to compensate the smaller cross section at high energies. We also 
show that these asymmetries are very sensitive to a doubly charged vector 
bilepton resonance but they are insensitive to scalar ones. 

PACS numbers: 13.88. +e: 12.60.-i 12.60.Cn: 
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I. INTRODUCTION 



It is well known that the so called Next Linear Collider (NLC) will provide opportunities 
for both discovery and precision measurements JT|. With the construction of the next gen- 
eration of e + e~ linear colliders, with a center of mass energy up to 1500 GeV and which will 
be able to operate also in 77, 7e~ and e~e~ modes, new perspectives arise in detecting new 
physics beyond the electroweak standard model in processes having non-zero initial elec- 
tric charge (and non-zero lepton number). For instance, new resonances of doubly charged 
scalar and vector bosons will enhance the cross section and in this case, it is possible that 
the measurement of the left-right asymmetry (^4rl) in electron-electron scattering can be a 
better parameter to signal out those resonances (if any) than the total cross section itself. 
On the other hand, although the First Muon Collider (FMC) will be one of the type 
(it is a circular machine) , if this sort of technology is dominated perhaps a Linear Muon 
Collider (LMC) will be feasible. In this work we will consider mainly e~e~ processes but we 
will also comment the muon case. 



A. Lepton M0ller scattering at high energies 

The appealing features for studying the parity violating asymmetries between the scat- 
tering of left- and right-handed polarized electrons on a variety of targets was pointed out 
some years ago by Derman and Marciano || . In particular, in the context of the electroweak 
standard model (ESM) the measurement of the Am asymmetry determined the relative sign 
between the weak and electromagnetic interactions. 

It is well known that the left-right asymmetry in electron-electron M0ller scattering (fixed 
target) and unpolarized target is rather small ~ 10~ 7 (see below) [||]. Notwithstanding, since 
the scattering has a large cross section, we can expect that fixed target experiences like those 
at SLAC |4| will have enough number of events to determine such a small number. The 
typical beam energy of such experiences is 50 GeV and both the incident electron beam and 
the target electron can be polarized. On the other hand, collider experiences were stopped 
years ago at very low energies, around 1.2 GeV ||. Although the A RL asymmetry is larger 
in colliders than in fixed target experiments, the former have a smaller cross section. Hence, 
it seems at first sight that it will be difficult a measurement of that asymmetry with large 
statistics in colliders. 

In general we have processes like 

h( Pl , Ai) + l 2 (p 2 , A 2 ) -> l' x {q x , A x ) + l' 2 (p' 2 , A 2 ) (1) 

when ix,2 = e, \i and l[ 2 = e, /x, r, L, with L an exotic lepton. In Eq. ([!]) p i: q^ (Aj, A,) denote 
the initial and final lepton momenta (helicities). In this work we will consider only processes 
like 

Z(pi, Ax) + l(p 2 , A 2 ) -> l(q 1} Ax) + l(q 2 , A 2 ) (2) 

Note that if we were considering quarks in the final state, there must be a mixing of ordinary 
quarks with exotic ones since with the known quarks we can not build a doubly charged 
state. 
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Our main goal is to compare the left-right asymmetry in the context of the electroweak 
standard model in fixed target experiments with the respective one in colliders experiments. 
Since we are not neglecting the masses of the fermions we can use the same amplitudes for 
the case of e~e~ and pT yT scattering. We also study the behaviour of that quantity when 
a vector or scalar bilepton is considered in collider experiences. 



B. 4-spinor helicity eigenstates and left-right asymmetry 



In this work we will not neglect the ESM Higgs-lepton interactions because in collider 
experiences with muons the Higgs contributions are not, in principle, negligible. Beside, in 
the future we will consider processes in which the final lepton can be r or even an exotic 
lepton L~ (or even exotic quarks J). Hence, we will work with massive 4-spinor eigenvectors 
of the helicity operator, defined as 



(a-p/\p\ \ 
^ 9-?M)' 

with the gamma matrices in the chiral representation, that are given by: 



(3) 



uir = Ni 



( (l + ^)cos(^/2)e^/ 2 \ 
(1 +^)sin(^/2)e^/ 2 
(-1 +^)cos(^/2)e~^/ 2 
V (-l+r//)sin(^/2)e^/ 2 / 



UlL = Ni 



-1 + rji) sin(fy/2) e"^/ 2 \ 
-1 + 77,) cos(0j/2) e^'/ 2 
1 + t]i) mn(0i/2) e-*/ 2 
V -(1 + m) cos(0,/2) e^' 2 J 



(4) 



where we have defined 



Ni 



E, 



,i + m 



2\ ' 



Ei + mi 
Ei - mi 



(5) 



being E\ and m, the total energy and rest mass for the lepton I. (h — 1 and c = 1 throughout 
this work.) In Eq. (f|) ur, ul denote positive energy spinors with positive (right) and negative 
(left) helicity, respectively. Similarly expressions can be obtained for the negative energy 
solutions but we will not write them explicitly. 
The left-right asymmetry is defined as 



A RL {ll^ll) 



d&R — da l 
dux + duL 



(6) 



where da^L) is the differential cross section for one right (left)-handed lepton / scattering 
on an unpolarized lepton /. That is 



{daRR + da RL ) - {da LL + da LR ) 
(da RR + da RL ) + (da LL + da LR ) 



(7) 



where da^ denotes the cross section for incoming leptons with helicity % and j, respectively, 
and they are given by 



dOij (X \ M ij;kl\ 
kl 



k,l = L,R. 



(8) 
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When both leptons are identical we can use the property Mrl-,rl = Mlr-lr (which 
implies da R ^ = d<jL R ) assured by rotational invariance in the former case. Hence, for 
calculating the asymmetry A RL in Eq. (^) we use 

da RR cx \M RR , RR \ 2 + \M RR , LR \ 2 + \M RR , RL \ 2 + \M RR]LL \ 2 , (9a) 
da RL cc | M RL , RR | 2 + | M RL , RL | 2 + | M RL , LR | 2 + | M RL , LL | 2 , (9b) 
da LR oc \M LR , RR \ 2 + \M LR , RL \ 2 + \M LR , LR \ 2 + \M LR , LL \ 2 , (9c) 



and 



da LL ^\M LL , RR \ 2 + \M LL , RL \ 2 + \M LL , LR \ 2 + \M LL , LL \ 2 . (9d) 



Another interesting possibility is the case when both leptons are polarized. We can 
define an asymmetry A r . R l in which one beam is always in the same polarization state, say 
right-handed, and the other is either right- or left-handed polarized (similarly we can define 
Al-^lr)'- 

„ da RR -da RL da LR - da LL 

A R\RL - -, — ; , A L . RL = — . U U J 

da RR + aa RL aa LL + aa LR 

We can define also an asymmetry when one incident particle is right- handed and the 
other is left-handed and the final states are right- and left or left- and right-handed: 

A do RL]RL — da RL . LR 

A R L-RL,LR — j — -j U-LJ 

d<jRL;RL + d&RL;LR 

or similarly, A LR . RL LR . These asymmetries, in Eqs. fllCf) and (0), are also dominated by 
QED contributions. However, this will not be the case if a bilepton resonance does exist 
at typical energies of the NLC To show this fact is the goal of the next section. These 
asymmetries can be calculated for both fixed target (FT) and colliders (CO) experiments. 

This work is organized as following. In Sec. |TI| we study the left-right asymmetries for 
both fixed target and collider experiences in the context of the ESM and for e~e~ — > e~e~. 
We also briefly consider the case of fi~fi~ colliders. The same asymmetries for colliders 



are shown in Sec. |TTT| but considering the contributions of vector and scalar bileptons. Our 
conclusions appear in the last section while we left the appendices for showing the 
several amplitudes and cross sections we have used in this work. 



II. LEFT-RIGHT ASYMMETRIES IN THE ELECTROWEAK STANDARD 

MODEL 

Let us consider the lepton-lepton (diagonal) process in the context of the electroweak 
standard model at tree level. The relevant part of the Lagrangian of this model is 

ziviw z cos uw 
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9w = tan 1 (g' ' / g) is the weak mixing angle, e = gsirtOw is the positron electric charge with 
g such that 

2 8GpMjy 2 . 2 

# = — — ; or 5- /a = 4vrsm W , (13) 

with a ~ 1/128; and the vector and axial neutral couplings are 

9v = tsL(i) - 2qi sin 2 9 W , g\ = t 3L (i), (14) 
where t 3 L(i) is the weak isospin of the fermion i and qi is the charge of ipi in units of e. 

A. e e Fixed target experiences 

With the spinors in Eqs. (|]) we have obtained all the helicity amplitudes of Ref. || when 
m e — > 0; even with the actual value of m e the numerical value for the A^(ee) asymmetry 
coincides with that obtained in Ref. || (i.e., at tree level) as it should be. In fact, neglecting 
the lepton masses we obtain the asymmetry for a fixed target (FT) experience in the ESM 
context: 

,.FT,ESM/t; 77 \ _ GpQ 2 1 — V , . 2n \ /ir\ 

R ( " ^ U) " Yaral + ^ + il- VY ( " %) ' ( ) 

where Q 2 = — (p' x — Pi) 2 , y = sin 2 (6'/2) and the others constants are the well know a, Gp 
and sin 2 ^. For FT experiences we have Q 2 = —q 2 = y(pi + p[) = yi^lm^ + 2mi 1 E hcam ). 
In Eq. (|T5|) the approximation m 2 <C Q 2 M| was used. Also terms of the order m^/E'beam 
were neglected. This approximation is valid even for -Ebeam ~ 1 TeV (typical energies of the 
NLC) since in this case Q 2 w 0.5 (GeV) 2 . 

We see that for a FT experiment, the Arl asymmetry is small, beside of the factor 
1—4 sin 2 9w we have a small Q 2 0. Using the helicity amplitudes given in Appendices ^ 
and |TJ, with -Eboam = 50 GeV, 9 ~ 90° (y = 1/2) and for 100% beam polarization, we obtain, 

4I' ESM (ee^ee)^-3xl0- 7 , (16) 

Hence, for FT experiments we have confirmed the value obtained in Ref. for the case 
of e~e~ at tree level: 

A^' ESM (ee -> ee) w -6 x lO" 9 (E hcam /1 GeV) . (17) 

Radiative corrections reduce the tree level value for the A^ ESM asymmetry in e~e~ by 
40 ± 3% [0. Although the asymmetry is small in FT experiments, the cross section of the 
M0ller scattering is high: Gt ~ 10 3 nb. In Eq.(|Cl|) we show the differential cross section for 
the fixed target case. 



The ^4ij^x, SM asymmetry defined in Eq. (10) is shown in Fig. 1 as a function of sin 2 (#/2) 



This asymmetry is dominated in the context of the ESM by purely QED effects 
However, we will see that it sensible to purely electroweak effects. In fact, for massless 
electrons we have (see Table I) 
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4 FT,ESM/ 
A R;RL \ ee 



ee) 



l-yi-jl-y) 4 
y 2 (i-y) 2 



+ sPw(9v + 9a + ^9v9a) + 0{(3- 



WJ 



l+y^+a-y) 4 
y 2 (^y) 2 



+ sPw(3g% + g 2 A + 4,g v g A ) + 0(0^) 



(18) 



where = g 2 / '47raMf rs 5.2 x 10~ 4 . Notice however that there are electroweak contribu- 
tions which do not have the suppression factor 1 — 4s^. Hence, the last effects are greater 
than in the case when the target is unpolarized i.e., for the case of the asymmetry defined in 
Eq. (|7|). This is due to the fact that the contributions proportional to g\ do not cancel out. 
When we calculate the asymmetry with the target unpolarized the cancelation occurs and 
we obtain the expression given in Eq. |T3[ In Fig. 1 it appears the A^m asymmetry when 
all amplitudes in Appendix [A 1| are considered. In Fig. 2 we show the same asymmetry but 
only considering the photon amplitudes which are given in Appendix |A 1] . We note that, in 
fact, the electroweak contributions are important as can be seen by comparing Figs. 1 and 
2. 



For theoretical purely QED calculations in the Born approximation see Refs. |12| , p!3| and 
for radiative correction see Ref. [13]. For experimental data see Ref. ||14|| . The difference with 
the theoretical calculations [12,13 is due to the electroweak effects that we have considered. 
This indicates that this asymmetry is sensitive to massive vector boson exchanges. Mea- 
surements of the QED contribution to the A^-m asymmetry (i.e., with both the incident 
beam and target longitudinally polarized) in a fixed target experience with a beam energy 
up to near 20 GeV, are given in Ref. [111]. 



B. e e Collider experiences 

Next, let us consider a collider (CO) experiment with the interactions given in Eq. (|i~2"D. 
In this case the transferred momentum is 



Q 2 = -{v'x-Pi, 



s sin 



m 



2 + 2COS0 



when mi, — > 0. 



— m lx — m 



- 2mf 



(19) 



Hence, now Q 2 is not a small factor. 

As we said before, in the ESM the total cross section is ~ 1000 nb in FT and ~ 10~ 3 
nb in collider experiences at yfs = 300 GeV. (See the Eqs. QCT]) and ( |C2|) for the differential 
cross section in the context of the electroweak standard model for collider and fixed target 
experiment, respectively.) So, the required luminosity, or the parameter to be measured, 
in colliders must be larger than in fixed target experiments. According to Czarnecki and 
Marciano the number of scattering events required for a 10~ 8 statistical accuracy in FT is 
of the order of 10 16 . However, since the cross section for M0ller scattering at FT is large at low 
Q 2 the above requirement does not intimidate. On the other hand, in collider experiments 
the cross section is rather smaller than that of FT at high energies. However, as in this 
case the asymmetry is ~ 10 5 times the corresponding value for FT it is possible that 10 5 
events/year, which is the number of events expected for a luminosity of £ ~ 10 33 cm _2 s _1 , 
might be enough to measure the Am asymmetry in collider experiments. In addition, if 
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new physics do really exist at the hundred's GeV level the cross section in colliders can 
serve to detect new resonances. If this is indeed the fact, the cross section will have the 
typical resonance enhancement (s). Recall also that the CO measurements of A R l in M0ller 
scattering unlike the case of FT experiments will not have a background on eN scattering. 

Thus, it is worth to consider the contribution to the A R l asymmetry at the energies 
of next linear colliders (electrons up to 1.5 TeV) and also in muon colliders (muons up to 
4 TeV). Although large polarization implies sacrifice in luminosity at a muon collider [F2|, 
new physics (if any) with clear signature could be distinguished even with low luminosity. 
Anyway, the asymmetry depends more on the polarization than on the luminosity. 

At energies \fs = 300 GeV and 9 ~ 90° (in the center of mass frame) the asymmetry is 

^' ESM (ee-ee)--0.05, (20) 

Compare with the value for the FT experiment given in Eq. (0). In Fig. 3 we show the 
^/fx' ESM asymmetry as a function of -^s and 6. Notice that this asymmetry is a smooth 
function of both variables. 

We can integrate in the scattering angle and define the asymmetry A R l as 

S (n n\ (/ da RR + S d °Rh) ~ (I da LL + J da LR ) 

A RL (U -> U) - -—- — — — , {21) 



U da RR + / da RL ) + (/ da LL + / da LR ) 



where / daij = f ho doij. This integrated asymmetry for ee — ► ee, in the electroweak 

CO ESM 

standard model {A RL ' (11 — > 11)), appears in Fig. 4 as function of y/s. We see that this 
integrated asymmetry varies slowly with y/s and it is almost constant at the value —0.02 
above y/s = 400 GeV. 



C. ix ix Experiences 

An hypothetical fixed target lxT \x~~ experience at the same -Ebeam energy used in Sec. [LI A 



gives A RL (ixfx) w 5.4 x 10 5 for 6 w 90°. In this case Q 2 mVLOIl = (ra e /«v)Q;Lctron ~ 4 - 2 GeV 2 . 
A more realistic case is the collider where, for the same experimental conditions than 

in the previous subsection, we obtain 

A c L °' ESM (w^w)* -0.1436. (22) 

Notice the large value for the asymmetry for the muons with respect to the electron case 
given in Eq. (p0|) . 

In the electron case the Higgs contributions are negligible. For the muon case if we do not 



take into account the Higgs amplitudes given in Appendix |A3| the asymmetry in Eq. (|22|) 
has the value of —0.1437 showing a slight dependence on the Higgs contributions. There are 
also effects of the lepton mass in the 7, Z contributions to the asymmetry that are the main 



responsible for the different values in Eqs. fl20| ) and ([22]). Independently of the numerical 
value of the Higgs contributions, the important issue is that all its main contributions (see the 
amplitudes given in given in Sec. [A 3| cancel out in the A R l asymmetry defined in Eqs. (I7|). 



In fact, as we will see in the next section, even in models with larger scalar- lepton couplings 
the extra scalar contributions cancel out. 
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III. LEFT-RIGHT ASYMMETRIES IN BILEPTON MODELS 



An example of possible new physics are models with a doubly charged vector boson II. 
Then, the charged current interactions in terms of the physical basis is given by 

- j= [v L E?E l L l L W+ + ll^E l lElv L V; - \E l lE l L l L U^\ + H.c, (23) 

with l' L = E 1 l Il, V r = E 1 r Ir, v' l = E^ul, the primed (unprimed) fields denoting symme- 
try (mass) eigenstates. We see from Eq. (^3|) that for massless neutrinos we have no mixing 
in the charged current coupled to but we still have mixing in the charged currents 
coupled to V£ and U^ + . That is, if neutrinos are massless we can always chose E^E l L = 1. 
However, the charged currents coupled to and are not diagonal in flavor space 
and the mixing matrix K = E l R E u L has three angles and three phases. (An arbitrary 3x3 
unitary matrix has three angles and six phases. In the present case, however, the matrix K, 
is determined entirely by the charged lepton sector, so we can rotate only three phases [[UJ). 

If the bilepton is not too heavy, say, with a mass of the order of a few hundred 
GeVs it is possible that it will appear as a resonance in the next linear colliders (NLC). 
Assuming that the matrix K, is almost diagonal we can neglect the mixing effects in processes 
involving the same initial and final leptons as — > . The helicity amplitudes for the 
[/-exchange in the s-channel are given, at tree level, in the Appendix [D|. We do not known 
yet the total width Yjj of the U bilepton, however, we know that at least it has to decay 
into If these were the only channels we have for the width 

r(tr- - itij) = ^0 i/Q/, (24) 
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and if Kij is almost diagonal the main decays will be U — > e~ e~ , fi~ \x~ , t~ t~ and with 
Mu = 300 GeV, we have T(U — > leptons) ~ 36 GeV. However, in models with such a vector 
bilepton there are several Higgs fields and also exotic quarks. Hence, we should have to 
take into account U — > scalars and also U — > d 3 J~ 5 / 3 , ui{u2)J~ A ^ ■, with cf 3 and ui^ 
denoting symmetry eigenstates of the known quarks and J® (J^) denotes an exotic quark 
(anti-quark) of electric charge Q. The left-handed mixing matrices, defined by the relation 
among the symmetry eigenstates (primed fields) with the mass eigenstates (unprimed fields) 
i.e., U' L = V^Ul and D' L = V^Dl, survive in the Lagrangian density. Thus, the partial 
width is of the form (neglecting the masses of the quarks J) 

r(^-^d 3 J- 5/3 ) = ^^l(^)3 i | 2 , (25) 



and similarly for the other decays into it's quarks. Notice that the mixing matrix in Eq. (|25|) 
is not necessarily equal to the Cabibbo- Kobayashi-Maskawa mixing matrix which is defined 
as Vckm — Vl^Vl- The parameters in both Eqs. (p^ ) and ( p5| ) are constrained for other 
processes but here we will not consider this constraints. A realistic calculation will have 
to take into account the masses of the exotic quarks J. At present, however, there is no 
experimental data bounds on the values of these masses. Of course, there are also trilinear 
vector interactions U — > W~V~ that it will occur if My + < Mu (V~ is a singly 
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charged bilepton present in the model). As a detailed calculation of IV is out of the scope 
of this work, we will consider IV as a free parameter. 

In this model the Yukawa couplings between leptons and a sextet of scalars transforming 
as (6, 0) under SU (3)l®U(1)n and which is of the form gabi^aiLY^bjLSij where a,b = e, r; 
i,j are SU(3) indices and the matrix g a ^ denotes a symmetrical matrix. If this is the only 
lepton- Yukawa interaction in the model, by using a discrete symmetry we can avoid the 
coupling to the triplet rj ~ (3, 0), there is no flavour changing neutral currents (FCNC) in this 
sector and the lepton-Higgs sextet couplings are proportional to mi/vs where mi is the lepton 
mass and vs is the vacuum expectation value (VEV) of the neutral component of the sextet. 
Since there are already two other scalar triplets which give the appropriate mass to the W ± 
and Z° vector bosons, it is not necessary that v$ be of the order of magnitude than the other 
vacuum expectation values that are present in the model. Hence, v s may be of the order of a 



few GeV since the heavier lepton is the r with a mass of 1.777 GeV |1J|. Notice that since the 
neutral part of the sextet is a doublet of SU(2) this fields have p = M^/M^ cos 2 9w = 1 at 
the tree level. The doubly charged member + is part of a triplet with its neutral partner 
having vanishing vacuum expectation value (if neutrinos do not get Majorana masses). There 
is also a doubly charged -£^ + which is a singlet of SU(2). Strictly speaking the VEV which 
is in control of p (and flavor changing neutral currents coupled to Z) is that of the triplet 
which break the SU(3)l <8> U(1)n symmetry. For an arbitrary high value for this VEV we 
can arbitrarily close up to the ESM predictions. At the one-loop level it is possible that a 
fine-tuning is required but this deserve a more detailed study. 

From the experimental point of view a lower bound on the mass of doubly charged 
scalar is m#++ > 45 GeV [16,1^] but we recall that the phenomenology of the H ++ derives 
from its couplings. The processes which have to be considered are 7/Z —>■ H ++ H and 
H — > ||18|| . In the model of Ref. || the coupling W~W~ with doubly charged 



scalars does not exist (the vertex always includes single charged vector bilepton V~, i.e., 
the coupling which really exist is with V~W~). 

Although the bilepton model we consider here are gauge invariant theories which has its 
own scalar spectrum we will consider in this work the bilepton contributions as an extra 
contributions to the electroweak standard model ones due to the fact that in any case the 
neutral Higgs contributions are smaller than that of the doubly charged vector bilepton. We 
denote this by using the {ESM} and {ESM + U} labels in cross sections and asymmetries. 
However, as we will show, the doubly charged scalar bilepton contributions, denoted by 
{ESM + H}, cancel out in the numerator of the Am asymmetry. Hence, in practice our 
calculations can be considered a truly effect of the bilepton model of Ref. M. 



A. e e High energy colliders 



By using the expression in Eqs.(|Cl"l) and ( |D6|) we can compute the effect of such bilepton 
fields. In Fig. 5 we show the ratio cj-CO.esm+u /(jCO.esm f or ^ e vector bilepton case as a 
function of y/s and T^. We observe that this ratio becomes appreciable for yfs near the 
[/-resonance as expected. In this case we have chosen and arbitrary (but reasonable) value 
of M[/ = 300 GeV to illustrate the cross section behavior. We also note that this quantity is 
smoothly dependent on the Tjy values. Since the cross section could be large at the [/-peak, 
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if the mass of the U is lower than the energies of future collider experiences, it is interesting 
to know the value of the Am asymmetry at these energies. 

Here, we will not show the analytic expression of A m, but at the same conditions than 
Eq. m it gives 



A CO,ESM+U (ee ^ ee) = _ Q Q99) (26) 

and we see that it is larger than the respective value obtained in the context of the ESM 
(see Eq. (|20|)). A more illustrative quantity is the angular-integrated asymmetry defined in 
Eq. ([H]) and denoted here by Am, co ' ESM + u (e e _> ee ). We show it in Fig. 6 as a function of 
y/s and IV. We can observe that the dependence of IV cancels out in Am co > ESM+u (ee — > 
ee), so that even if we do not use a realistic calculation for IV based in all possible decay 
channels predicted by the model, the result will be, in fact, independent of it. As expect 
the asymmetry is larger in the [/-pole. In Fig. 7 we quote the quantity 

SAm(ee ee) = (A^m+u ~ A S' ESM )/^< ESM (27) 

with the A's defined in Eq. (|21|), as a function of \/s and r^. As observed above this 
quantity is independent of T^. 5 Am is large at the [/-resonance, however, we would like to 
stress that it remains appreciably large even far from the [/-peak. That particular behaviour 
suggest that this quantity could be the one to be considered in the search for new physics, 
like the bilepton U , in future colliders. 

Next let us consider the scalar contribution in the model. The s-channel amplitudes 
appear in Appendix [Ej In this model the amplitudes in Appendix. |A 3] are used by making 
v — > Vs, and, as we said before, in models with several scalar multiplets it is possible that 
one of the neutral scalars does not contribute significantly to the W~ and Z masses. It 
means that the vacuum expectation value (VEV) of such a scalar can be of the order of a 
few GeV. In this case there are some scalar contributions which are proportional to mi/vs 
with mi denotes the lepton mass and vs is a VEV which gives mass for the leptons. 

Here we will use Mjj = 50, 300 GeV (for both i = 1, 2 although the masses of the triplet 
and singlet might be different) and v$ = 10 GeV only as an illustration. We also take for 
colliders yfs = 300 GeV. Taken into account the ESM plus the scalar contribution (but not 
the vector U contributions) we obtain 

A CO,ESM + H (ee ^ ee) = _ Q (2g) 

for y = 1/2. We see that this value is the same of the pure ESM contribution given in 
Eq. (pop. This is not a surprise since the purely scalar contributions cancel out in both the 
neutral Higgs (as in Appendix. [11 G| ) and also in the doubly charged Higgs contributions 
as can be seen from the amplitudes in Appendix [E] and the definition of the asymmetry in 
Eq. (0). However, in the muon-muon case the interference terms among the neutral Higgs 
and 7, Z contributions are relatively significant as we will see in the next subsection. 



B. n n High energy colliders 

We can calculate all the above asymmetries in the case of a possible \T collider. For 
instance taking into account the contributions of the U vector bilepton we obtain 
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^• ESM+U (^-^) = -0-1801, (29) 
while the contribution of the H scalar bilepton gives 

^™(^-w) = -0.1436, (30) 



for M++ = 50 and 300 GeV 



As discussed above, in the model with bileptons the VEV of the neutral scalar coupled 
mainly with leptons does not need to be equal to the VEV of the ESM (v ~ 246 GeV) but 
it can have a lower value, say v s ~ 10 GeV. For the muon case we calculate the asymmetry 
in Eq. (29) with and without the ESM Higgs scalar contributions given in Appendix ^3 



The respective values are —0.1436 and —0.1442. If the mass of the U were 500 GeV the 
asymmetry in Eq. (|29"D has the value —0.0133. 



IV. CONCLUSIONS 

We have considered in this work that collider experiments could be suitable for studying 
the left-right asymmetries in lepton-lepton scattering. In fact, we have shown that in this 
case the asymmetries are larger than those which appear in fixed target experiments. In 
particular we have shown that there are significant difference between electron and muon 
asymmetries, being the muon ones larger than the electron ones due to mass effects. However, 
more details were given here for the electron case. For instance, the Arl asymmetry, when 
the contributions of the U vector bilepton are considered, is larger than the ESM value, as 
can be seen from Fig. 7 for the electron-electron case. On the other hand, the purely scalar 
bilepton contributions cancel out in the asymmetries as can be seen from the expression 
given in Appendices [A 3| and |E]. Only the interference terms between the scalars and 7, Z 



amplitudes survive and these are not negligible in the muon-muon case. 

Concerning the asymmetry Ar.rl defined in Eq. ([II]) i.e., when both beams are polarized, 
we see from Table II that it is given by 

^Sf M+U (ee-ee)--l + 0(«, (31) 

and comparing with Eq. (|H|) we see that the maximal value of y4^^ SM+u (ee — > ee) and 
its dependence on y are different in models with vector bileptons and the electroweak 
standard model (almost purely QED) case. At the U- resonance dcjRL ^> ddRR, hence 
A ( r ) rl SM+1 (ee — > ee) ~ — 1. In the ESM by the contrary we have doRR, ^> dam, hence 
Ar-rl, (ee — > ee) ~ +1. Similarly, A L . R ® + (ee — > ee) ~ — 1 and A^° R ^ SM (ee — > ee) ~ 
+ 1. Although this asymmetry is large in both the ESM (see Fig. 1) and the bilepton model 
the sign of it is opposite and could be useful for discovering such a vector field. 

Summarizing, we have calculated in this work several left-right asymmetries in the con- 
text of the ESM and in models with both vector and scalar bileptons. 

Finally a remark. In some models with vector bileptons like U the decay — > e~e~e + 
(and similar ones) does occur. The branching ratio for this decay is ~ 10~ 12 [15]. This bound 
strongly limits the JC efi couplings. The branching fraction for /i — > 3e decay is 
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For Mu = 300 GeV and /C ee ~ 1 the experimental value for the above branching ratio 
implies /C e(U ~ 10~ 6 . The doubly charged scalar will also contribute to these rare decays. 
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APPENDIX A: INVARIANT AMPLITUDES IN THE ESM 

In this appendix we give the invariant amplitudes for the M0ller scattering in the context 
of the SU(2) L <g> U(1) Y (ESM) model. Although the Higgs boson in context of the ESM 
gives contributions that are negligible for practical proposes, we include its contribution. In 
models with a rich scalar spectrum and/or with exotic heavy fermions the scalar contribution 
may become important. We omit a common factor (2Ei) 2 in all amplitudes since it cancels 
out in the asymmetries for diagonal processes like e~e~ — > e~e~. 

1. Photon amplitudes 

Up to a factor ie 2 /t the t-channel amplitudes are (recall y = sin 2 (9/ '2); 1 — 2y = cos 9 
and 2y l / 2 {l-2y) =sin#) 

M RR-RR\t) = > m rr-,lrW = M^ R . RL {t) = — 2y 1 (1 - 2y), 

(Ala) 

Ml R , LL {t) = ^y; (Alb) 

Ml R , RR {t) = Ml R;LL {t) = M^ LR (t), Ml R . iLR {t) = 2Ef ~ f m " (1-y), M^ R {t) = ^(t); 

(Ale) 

Ml L , RR it) = M lL; LL (t) = -M^ LR (t), M RL . LR (t) = Ml R;LR (t), Ml L]LL (t) = M RR . LL (t), 

(Aid) 

Ml L , RR it) = M RR;L L (t), -Ml L . LR (t) = Ml L]RL (t) = Ml R;LR ; Ml L]LL (t) = Ml R]RR (t). 

(Ale) 

photon -u-channel, up to a factor ie 2 /u 
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Ml R . RR {u) 



AEf - [3 + (1 - 2y)]mj 
2E? 



, Ml R , LR {u) = -Ml R .„ L (u) = Ml R .r R (t), (A2a) 



(A2b) 



Ml R , RR {u) = M2 R . iLL (u) = Ml R;LR (t), Ml R;LR (u) = ^y, Ml R;RL 



(«) 



2£, 2 - m 2 

.2 y; 



(A2c) 



MflW") = ^RL;LL = M J RR . LR (t), M], L . LR (u) = M2 R , RL (u) , M^.^u) = M^.^u); 

(A2d) 

MZl;*r(«) = M^ ;LL ( M ), M2 i;ii? = M2 L;iJL («) = Ml R . LR {t), Ml L . LL {u) = Ml R . RR {u). 

(A2e) 



2. Z Amplitudes 

Up to a factor ig 2 /(t — M§), the t-channel Z-exchanges amplitudes are 



M RR;RR {t) = 



AEf + [-3 + (1 - 2y)]m 



2£f 



(^ + ,i)-4(^) 5 



fiVfiU, (A3a) 



= ||(<£ + ^)2y 1/2 (l - 2y), M RR . RL (t) = ^{g 2 v - g\Wl\\ - 2y), (A3b) 



2£, 



mr 



2Ef 



M z RR , LL {t) = -± g 2 v y + g 2 A [3 + (1 - 2y)\ 



M z LR , RR {t) = Mf R;LL (t) = Mi R . RL (t), 



(A3c) 
(A4a) 



Mi R .r R (t) = ( 2E *™i ) (9v ~ 9a)4/2, M*(t) = ^(g 2 v - g 2 A ) y. 



\ E 2 



(A4b) 



Mi L , RR (t) = M£ L . LL (t) = M z RR]RL {t), Ml L]LR {t) = Mi R;RL (t), M RL . RL = M[ R]LR {t). 

(A5) 



13 



Ml L . RR (t) = M£ R . LL (t), Ml L . LR (t) = M z LLtRL {t) = Mi R . LR (t), Mf L]LL = M RR . RR (t). (A6) 
Up to a factor ig 2 /{u — M§), the w-channel Z-exchange amplitudes are: 



M Z RR]RR {u) 



AEf - [3 + (1 - 2y)]m 2 



Ef 



(9v + 9a) ~ 4 



' E, 



2 ™2 " 
I ~™l 



Ef 



9v9a, 



(A7a) 



Mi R . LR (u) = M£ R . LR (t), M RR . RL (u) = -Mi R . RL (t), 



mt 



Mi R , LL [u) = ^ g 2 v (l -y) + g 2 A [(l - 2y) - 3] 



(A7b) 
(A7c) 



(A8a) 



7 , . (2Ef - mf\ , 9 9n 

Mf R;RL ( M ) = ^ 2 ' (<£ - g 2 A )y, 



(A8b) 



= M| L;LL ( M ) = Mi R . RL (t), Mi L . LR (u) = Mi R . RL (u), Mi L . RL (u) = Ml R . LR {u). 

(A9) 



Mi L . RR (u) = M RR LL (u), M z LL . LR {u) = M z {u) = M z (t), 



(AlOa) 



M Z LL , L {u) 



AEf - [3 + (1 - 2y)\m 2 



Ef 



,2 2n , fEf-mfY 
(9v + 9A)+*y E 2 ) 



g v g A . (AlOb) 



3. H° Amplitudes 

Here H° denotes a neutral Higgs boson with couplings like the ESM Higgs. Up to a 
common im 2 /v 2 (t — Mjj) factor, the t-channel if-exchange amplitudes are 



Mg R;RR (t) = --£(1- y), M» R . LR (t) = M% R . RL 



E 



■^2y 1/2 (l-2y),M^ LL (t)= m 

(Alia) 



Mf R . RR (t) = M» R;LL (t) = M* R . LR (t); M» R . LR (t) = M RR , RR (t), M» R;RL (t) = Mg R . LL (t); 

(Allb) 
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-M« L . RR (t) = M» L . LL (t) = M% R . LR (t), M% L . LR (t) = M% R . LL (t), M? R;RL (t) = M% R . RR (t); 

(Allc) 



" M« L . RR (t) = Mi R . LL (t); -Mf L . LR (t) = -M? L . RL (t) = M^ R . LR (t), M? L . LL (t) = M% R . RR (t) 

(Alld) 

Up to a common imf/v 2 (u — M^) factor the H exchange u channel amplitudes are 

2 

M^ R , RR (u) = --± y, -Mg R . LR (u) = M» R . RL = Mg R . LR (t) Mg R]LL (u) = 1 - y; (A12a) 



M£ R . RR (u) = M? R . LL (u) = M^. LR (t); M» R . LR {u) = M RR . LL (u), M» R . RL {u) = M^ RR (u); 

(Al2b) 



MR L . RR {u) = -M^ L . LL {u) = M RR . LR (t) , -M^ L . LR (u) = M% R . RR (u), M^. RL (u) = M% R;LL (u)- 

(A12c) 



M^ L , RR {u) = M RR . LL (u); M? L]LR (u) = M^ RL {u) = M» R . LR (t), M^ LL {u) = -M» R . RR {u) 

(A12d) 



APPENDIX B: TOTAL AMPLITUDES IN THE ESM 



We define 



M irM = £ M* kl (u) + £ M* kl (t) + £ M* M {s) 



x 



X 



(Bl) 



as the total amplitudes for fixed ij; kl polarization and exchanged particles X = 7, Z°, H° 
and others. In the context of the standard model only t and u channel contribute. Notice 
also that this contributions arise only when the lepton-lepton scattering conserve flavors: 
hh — > hh with l\ being equal or not to l 2 . 



M 



FIR* FIR 



ie 



'AE 2 -3m 2 \ fu + t 



2E 2 



g 2 
+ — 

e 2 



' AE 2 



3mf " 



tu 

2 1 „2 



u — t 
tu 



2E 2 



(9v + 9 a) 



u + t 



2M 2 



^9v9a^ 



1 1 
g 2 mf 

e 2 2E 2{ 



ml 



l E 2 -m 2 
E 2 

-2y)(g 2 v- 



(t - M 2 )(u - Mf) 
u + t- 2Mf 



(t - M 2 )(u - Mf) 



9a) 



u — t 



(t-M 2 )(u-M 2 ) 



1 



y 



E 2 e 2 v 2 \t-M 2 



+ 



H 



u-M 2 H 



(B2a) 
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M, 



RR'.LR 



ie 



u + t q 
+ 



u 



tu e 2 (t - M 2 z )(u - Mf) 



(9 2 



v 



9l) 



mt 



t — u 



e 2 v 2 ( t - M 2 H ){u - M 2 H ) 



(B2b) 



M, 



RR-.RL — 



U 



tu 



t g 
- + 



u 



e 2 (t - M 2 z )(u - Mf) 



(9 2 v ~ 9l) 



mt 



t + u 



2M 2 H 



e 2 v 2 (t - M 2 H )(u - M 2 H ) _ 



mi 
2E 



2y 1 / 2 (l-2y). 



(B2c) 



M RR . LL = ie 2 



V + 1^]A rn[ + ^ / gj 1 y + ffi(4-2y) + ^(1-y ) - ^(2 + 2y)^ m; 



it 



+ 



mf 



e 2 v 2 U - ME 



+ 



E 2 

i-y ' 

M -M 2 



t-Ml 



m — Ml 



2£ 2 
(B2d) 



M, 



LR\RR 



ie 

' 2E 



u — t q 
+ 



u + t- 2M 2 7 



In ' e 2 (t - M z )(u - Ml) 
2y 1/2 (l-2y). 



mf 



u — t 



e 2 v 2 {t - M 2 H ){u - M 2 H ) 



(B2e) 



M LR . LR = ie 2 



m 2 



u — t 



E 2 \ tu 



mt 



mt 



e 2 v 2 \E 2 {t-M 2 H ) 



g 2 
+ — 

e 2 



mt 



u — t 



Ml 



u 



Ml, 



E 2 \(t - M 2 )(u - Ml) 

(i-y)- 



(B2f) 



M, 



LR:RL 




mt 



U 



E 2 \(t — M z )(u — Ml) 



e 2 f 2 



(B2g) 



M, 



LR;LL 



ie 



U + t q 
+ 



u+t- 2Ml 



mi 
2E 



^ fa ' e 2 (t-Ml)( M -Ml) u, i 
2y^(l-2y). 



(9 2 v ~ 9\) 



mt 



t + u- 2M 2 H 



e 2 v 2 {t - M 2 H )(u - M 2 H ) _ 



(B2h) 



M, 



RL\RR 



ie 



■^ 2 (l-2y). 



u + t q 1 
V — 

tu e 2 



u 



(t - M 2 )(u - M 2 ) 



(9 2 v - 9 2 a) ~ 



mf 



u 



e 2 v 2 (t - M 2 H ){u - M 2 H ) _ 



(B2i) 
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M. 



RL;LR — 



—2 mf ft — u 



+ 



mr 



u + E 2 

2 

mf 



tu 



mr 



t — u 



u 



Ml 



E 2 \{t - M 2 )(u - Mf) , 



e 2 v 2 \E 2 {u-M 2 H ) t-M 2 H> 



(9 2 v - 9\) 
(B2j) 



M 



RL'.FIL 



ie 



mf f u — t 



t E 2 \ tu 



mr 



u — t 



mf 



mf 



e 2 v 2 \E 2 {t - M 2 H ) u-M 2 H 



t-M 2 z E 2 \{t - M 2 z ){u - Mf) 



(9 2 v - 9a) 

(B2k) 



M m , 



RL;LL 



ie 



u — t q 2 

+ — 



u + t- 2Ml 



ut ■ e 2 (t - M 2 z )(u - Mf) 
^\l-2y). 



(g 2 v - 9 2 a) + 



mr 



t — u 



e 2 v 2 (t - M 2 H )(u - M 2 H ) 



(B21) 



M ll .rr = ie 



y + i-y \ m [ + 9^f 9yy + g\{^ - gy) + gU l -y) + g\{2 + 2y)\ mf 



u 



E 2 

e 2 v 2 \t-M 2 H u-M 2 Hi 



t-M 2 



mr 



u-M\ 



2E 2 



(B2m) 



M, 



LL;LR = ie 



m 



t — u q 
+ 



u+t- 2M| 



fti e 2 (t-Mf)(«-Mf) 



(<£ - 9 2 a) 



^l\X-2y). 



mr 



t — u 



e 2 v 2 (t — Mjj){u — Mfj) 



(B2n) 



M LL . RL = ie 2 



u + t g 2 u + t- 2M| 



+ 



tu e 2 (t - M 2 z ){u - Mf) 



^l\X-2y). 



mr 



t — u 



e 2 v 2 (t - M 2 H )(u - M 2 H ) 



(B2o) 



M 



LL;LL = 



' AE 2 -3mf\ (u + t 



tu 



^(1-2,) 



u — t 



+ 



2E 2 

y 2 / 4E 2 -3m 2 \ 2 2 /_ 
e 2 ^ 2£ 2 J ^ + ^ ^(i - Mf )(u - Mf 



tu 



u+t- 2Mf 



IE 2 -mf I u+t-2M z 
+ V^Y" {(t-M^u-M. 



u + t- 2Mf 



+ g ^a-m9 2 v+9 2 A) f u 1 



it — M z )(u — Mf) 



+ 



£ 2 eV U-M 2 



+ 



y 



h u-M 2 H , 



(B2p) 
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APPENDIX C: DIFFERENTIAL CROSS SECTION FOR FIXED TARGET AND 

COLLIDERS IN THE ESM 



In the context of the standard model in a collider experience we have 



cia ESM 



dQ 



CO 



128tt 2 s { 



y 2 {l-yf 



(9v + 9a) 



l + 2a 



y(i - y)(y + a)[i - y + 



+ (9 2 v 



l-y)[l-y + a] 

(l + 2a) 2 



+ ^{9v-9a) 



yf 



(y + af 



y + af 



(y + a) 2 [l -y + a] 



where a = M|/s. 

For the fixed target experiment we have 



da 



ESM 



dtt 



FT 



I28ir 2 m e p e (E e + m e )p e / - p e E e , cos 6 e 



y 2 (l - y) 2 



(C2) 



where we have written only the main contribution. Here p e (E e ) and p e > (E e >) denote the 
momentum (energy) of the initial and final electron, respectively; cos 9 ee i is the cosine of the 
angle between the incident and one of the final electrons. 



APPENDIX D: U AMPLITUDES 

In this appendix we give the invariant amplitudes for the 11 — > VV scattering in the context 
of a model with doubly charged vector bilepton U . In principle, the Higgs contribution 
are not negligible. However, for the sake of simplicity we will not take the extra scalar 
contributions into account. 

Up to a common ig 2 /2(s — Mfj) factor, the s-channel U -exchange amplitudes are 

M^ R , RR (s) = 0, M% R . LR (s)=0, M^ R;RL (s)=0, M^ LL (s) = 0, (Dl) 



M u LR , RR {s) 



1 I Ei — mi E[ — m 

2 \~ E W 



I \ 2 



1 - 



' Ei + mi E[ + m\ 
Ei -mi E[-m'i 



2y 1/2 (l-2 2/ ), 

(D2a) 



M u LR .r R (s) = 



'Ei -mi E[ 



i 

/ - m 'i\ 2 



Ei 



Ei 



' Ei + mi E[ + m'{ 
Ei -mi E[-m' u 



(D2b) 



M 



u 

LR'.FtL 



{s) = 



'Ei -mi Ei-m'i 



E, 



' E + mi Ej + m't 
Ei — mi E[ — m\ 



(D2c) 
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M u LR , L (s) 



1 (Ex-mx E[ 



m, 



1 _ f Ej+mi E[ + m[ 
\Ei-mt ' E[- 



l\ 5 



2y 1 l\l-2y). (D2d) 



M 



u 

RL'.RR 



» 



1 (E, - ///, E\ - - m 1 , 



M 



u 

RL'.LR 



E! 



'Ei + mi E[ + m 



I \ 2 



'Ex -mi E[ 



m, 



Ei 



E! 



Ex - mi Ei - m\ , 



'Ei + mi E[ + m'{ 



2 



Ex-m x E[ 



m, 



2y 1 / 2 (l-2y), 

(D3a) 

(D3b) 



M U RL , RL (s) 



Ei — mi Ei — m 



l\ 2 



#1 



Ei 



1 + 



E'j + m/ Ei + m 



Ei — mi E[ — m\ 



(D3c) 



<L;Ll(^) = 



1 [Ei -mi E'x 



m 



I \ 2 



Ei 



' Ei + mi Ej + mj 
Ei — mi E'x — m\ 



2y'l\\-2y). (D3d) 



ME L ; RR (s) = 0, M^ lr (s) = 0, M l % l ( S ) = 0, M£ L;LL (s) = 0. 
Mrr(s) = M u RR]RR {s) + Mg^a) + M U RR 



M U RL {s) = M R1 



M u LR {s) = M» R;RR (s) + M^ LR (s) + M» R;RL (s) + M^ LL (s 



^ 2 



2(a - M 2 ) 



'E i - mi E'x-m'{ y \ ( E t + 



E'x 



mi E'x + m'x \ 2 
Ei - m t E'x - my 



u 



Ei — mx E'x — m'x \ 2 



2(s - Ml) 



Ex 



E[ 



1 + 



Ex + mi E'x + m'x 
Ex-mx E'x -m'x 



>\ 2 



(D4) 
(D5a) 



(l-2y), (D5b) 



(1 - 22/), (D5c) 



M^(s) = M»{s) + M"{s) + M"(s) + M"{s) = 0. 



(D5d) 



For the collider case, if there exist a doubly charged vector boson U which is not too 
heavy, it will appear at the energies of the next linear colliders (for electron beams up to 
1.5 TeV). In this case the cross section at the [/-peak will be larger than in the case of the 
standard model. Explicitly, the collider cross section in the case of a [/-exchange besides 
the ESM contributions is: 



da ESM + V 



da 



ESM 



CO 



dn 

< y 3 - 



+ 



CO 



128tt 2 s 



4e 4 (l - b) 



: {{l-yf + y 2 ) + 



e 2 (l-b) 



(i-y) f 



y(i - y) 



i9 2 v-9 2 A ) 



y 2 {y + a)-{l-yf{l-y + a) 
(y + a)(l - y + a) 



(D6) 



where b = M^/s. 
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APPENDIX E: H++ AMPLITUDES 



Here we will consider the amplitudes of the two doubly charged scalars Hf + and 
which are present in the model of Ref. ||. The former is part of a triplet of SU(2) and the 
later one is a singlet of SU(2). Hence, the experimental lower bound on their masses will 
be different. Up to a common 2mf(mi — E) 2 /v 2 s (s — Mjj.) i = 1, 2 factor the amplitudes are 

M m -_ m h, — M Hi — —M Hi - ( m i- E )( E + m i) rpn 

M RR;RR - M RR;LL ~ M LL;LL ~ M LL;RR ~ _)_ m 2 ' l^ 1 ^ 

with the other amplitudes vanishing. 
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TABLES 

TABLE I. Non-vanishing contributions in the ESM when the lepton mass is zero. Here 

Pw = g 2 /^aM 2 z . 



initial' ' - final 
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^rjy + 2s(3 w (g v + g A f 
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RR 
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+ sy(3 w (9v 
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TABLE II. Non- vanishing contributions of the [/-vector bosons when the lepton mass is zero. 



initial' ' • final 
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Figure Captions 



Fig. 1 The asymmetry with both beams polarized defined in Eq. (|l0|) in a fixed target 
experience for the process e~e~ — > e~e~ as a function of sin 2 (6 l /2), where 6 is the center of 
mass scattering angle. 



Fig. 2 Same as in Fig. 1 but only considering the photon contributions given in Ap- 
pendix |A 1. 



Fig. 3 The asymmetry A^ ,ESM defined in Eq. (0) for the e e — > e e reaction as a func- 
tion of yfs and the angle 9. 



-CO,ESM 



Fig. 4 The angular-integrated asymmetry Am ' defined in Eqs. (j2jj) for the e e — > 
e~e~ reaction as function of \fs. 

Fig. 5 The ratio (7 CO > ESM + u j ^-COjESm £ Qr total cross section obtained from Eqs. ([D(]) which 
includes the s-channel U contribution and ( |C2| ) for the ESM for the reaction e~e~ — » e~e~ 



as a function of a/s and IV. 

Fig. 6 Same as Fig. 4 but taken into account the contributions of the bilepton U as a 
function of y/s and Tjj. 

Fig. 7 5v4r £ defined in Eq. ( p7j) as a function of IV and for e~e~ — ► e~e~. 
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